Graphitic carbon nitride/bismuth oxyiodine (g-CN/BiOI) composites with excellent photoelectrochemical (PEC) performance have been designed for a facile and sensitive PEC monitoring platform of bisphenol A (BPA) for the first time. The g-CN/BiOI composites were synthesized by a facile microwave method with 1-butyl-3-methylimidazolium iodine ([Bmim]I) as precursor. The heterojunction comprising g-CN and
Introduction
Bisphenol A (BPA) is one of the most signicant chemical precursors, which is widely applied in producing epoxy resins and polycarbonate. 1 The environment is exposed to approximately 2000 tonnes of BPA and related products every year. 2 Signicantly, BPA can disrupt the endocrine system of the body. Low levels of BPA can cause a variety of health problems including cardiovascular disease, thyroid hormone disruption, cancer, and so on. 3, 4 To protect human health, it is of critical importance to develop a rapid, simple, cost-effective and reliable method for monitoring BPA concentration. Until now, various analytical methods have been employed for the determination of BPA with high performance techniques, such as gas chromatography-mass spectrometry, 5 high-performance liquid chromatography, 6 immuno-chromatographic lateral ow assay, 7 and so on. Electrochemical techniques are also widely accepted to monitor BPA, because of the advantages of high sensitivity, simplicity, low cost, simple operation and miniaturization. 8 However, the electrochemical oxidation of BPA usually causes the formation of a polymer lm on the electrode surface, which results in the passivation of electrodes and hinders the improving sensitivity of electrode. 9 Thus, it is a real challenge to develop an easy and sensitive analytical method for BPA determination. Photoelectrochemical (PEC) sensors appear to be appropriate candidates to solve this problem. PEC sensors exhibit the high sensitivity and the reduced background noise owing to the complete separation of the excitation source (light) and the detection signal (photocurrent). 10 Remarkably, associating the traditional electrochemical method with optical method together, PEC sensors are equipped with advantages of both methods, such as simple instrumentation setup, portability, and low cost.
11-14 For a PEC sensor, the main mechanism is to detect photocurrent variations of photoactive materials (usually semiconductors) modied electrode. 15, 16 The photocurrent variations are increasing by the addition of analytes via hole oxidation, and decreasing by the addition of analytes via electron reduction or photocurrent inhibition.
14,17 Consequently, the rst premise of excellent PEC sensor is to achieve improved photocurrent via efficiently separating photogenerated electron-hole pairs at the interface of semiconductor materials. 15 Undeniably, the key to design a sensitivity PEC sensor is in the selection of a suitable semiconductor material.
Bismuth oxyiodine (BiOI), a p-type bismuth semiconductor, has captured massive research attention due to its excellent layered structure, unique optical and electrical properties.
18
The layered structure of BiOI can build the inherent internal static electric elds and accelerate the separation of photogenerated electron-hole pair, resulting in the excellent photoelectrochemical properties. 19, 20 BiOI has been applied in PEC detection of organophosphate pesticide due to small band gap ($1.8 eV) and outstanding visible-light absorption capacity.
21
AgI nanoparticles-BiOI nanoakes heterojunctions have been also designed as the low-cost photoactive electrode for the determination of peruorooctanoic acid, which can offer a high-performance photoactive sensing platform.
22
Consequently, a desired approach enhancing PEC performances is coupling with semiconductors to form heterojunction. Graphitic carbon nitride (g-CN) with suitable electronic structure ($2.7 eV) has drawn universal interest in photoelectrochemical eld due to its inexpensive, stable, nonpoisonous and vast sources. 23 According to the energy band calculation, the energy levels of g-CN and BiOI are matched to overlap in band structure, which can enhance the separation and transfer of photogenerated electron-hole pairs. 24 Mesoporous graphitic carbon nitride/BiOI heterojunction photocatalysts with outstanding photocatalytic performance have been synthesized for visible-light-driven photocatalytic degradation of BPA.
25 Z-Scheme BiOI/g-C 3 N 4 photocatalysts exhibit highly efficient photocatalytic activity for CO 2 reduction to produce CO, H 2 and/or CH 4 under visible light irradiation.
26
Previously, we have fabricated sphere-like g-C 3 N 4 /BiOI photocatalysts by a one-pot EG-assisted solvothermal process. The sphere-like g-C 3 N 4 /BiOI photocatalysts exhibit outstanding photocatalytic activity for degradation of dyes (rhodamine B, methylene blue, methyl orange) and colourless endocrine disrupting chemical (BPA and 4-chlorophenol).
27
Herein, g-CN/BiOI composites were prepared via a facile microwave method in the presence of [Bmim]I. The heterojunction comprising g-CN and BiOI can be fabricated, which contributed to the enhancement of PEC performance of g-CN/ BiOI composites. The PEC properties were tested by means of the photocurrent of g-CN/BiOI composites modied electrodes. The g-CN/BiOI composites achieved great improved photocurrent density compared to the pure BiOI. Consequently, a facile and sensitive PEC monitoring platform of BPA can be fabricated by g-CN/BiOI composites at rst time. The photocurrent of g-CN/BiOI composites is increasing with introducing BPA in the aqueous solution. The increased photocurrent was applied as the PEC detection signal to sensitive tracing BPA. Moreover, the BPA PEC sensor exhibited a pleasurable anti-interference capacity and outstanding stability, and provided the promising analytical method to detect BPA in environment.
Materials and methods

Materials
Bi(NO 3 ) 3 $5H 2 O was purchased from Sinopharm Chemical Reagent Co., Ltd. (China). 1-Butyl-3-methylimidazolium iodine ([Bmim]I, 99%) was purchased from Shanghai Chengjie Chemical Co. Ltd. All chemicals required for experiments were of analytical purity and used without further processing. According to our previous report, 28 the g-CN powder was synthesized by a simple one-step solvent thermal method.
Synthesis of g-CN/BiOI composites
The typical preparation of g-CN/BiOI composites is shown in the following approach: rstly, [Bmim]I (1 mmol) and Bi(NO 3 ) 3 $5H 2 O (1 mmol) were dissolved in ethylene glycol solution (20 mL) with stirring. Secondly, the g-CN (26.5 mg) was added to the above solution. The mixture was ultrasonically dispersed for 30 min, and then was continuously stirred for 30 min. Finally, the mixture was microwave-heated at 160 C for 15 min and naturally cooling down to the room temperature. The microwave-heated method was operated at Microwave oven (SINEO MAS-I) with magnetic stirrer and water-cooled condenser. The obtained product was centrifuged by highspeed centrifuge, and washed by distilled water and absolute ethanol for several times to remove the impurity substance. The product was dried at 50 C for 24 h for further characterization.
Characterization
The powder X-ray diffraction (XRD) patterns of the samples were recorded on a Bruker D8 Advance diffractometer with highintensity Cu Ka radiation (l ¼ 1.54Å) in the 2q range of 20-80 . The structural information for samples was examined by
Fourier transform spectrophotometer (FT-IR, Nexus 470, Thermo Electron Corporation) using the standard KBr disk method. Chemical compositions and states were analyzed by Xray photoelectron spectroscopy (XPS) (Thermo VG Scientic ESCALAB 250 spectrometer) using Mg-Ka radiator operated at 20 kV. The morphology of the sample was carried out by eld emission scanning electron microscopy (SEM, JEOL JSM-7001F) and the transmission electron microscopy (TEM, JEOL JEM-2010). Ultraviolet-visible diffused reectance spectra (DRS) of the samples were obtained using an ultraviolet-visible spectrophotometer (UV-2550, Shimadzu) with BaSO 4 as the reectance standard. The photoluminescence spectroscopy (PL) spectra of the obtained materials were detected by a Varian Cary Eclipse spectrometer.
Photoelectrochemical measurements
All the PEC measurements were conducted using CHI660B electrochemical workstation in phosphate buffer solution (0. 3 Results and discussion X-ray diffraction (XRD) is mainly used to analyze the chemical composition and crystalline phase-structure of the as-prepared samples. Fig. 1 is the XRD spectra of g-CN/BiOI composites and pure BiOI. As shown in Fig. 1 , the diffraction peaks of all samples are found in the orthorhombic phase BiOI (JCPDS card no. 10-0445). No other impurities peaks are observed, suggesting high purity of the composites. However, the distinctive peak of g-CN at approximately 27.4 is not found in the XRD spectra of g-CN/BiOI composites, which may result from the low g-CN content in the composite system and excellent dispersion of the g-CN. 27 Moreover, the positions of the diffraction peaks of BiOI are without any deviation in g-CN/BiOI composites, indicating that the induction of g-CN does not change the crystal lattice of BiOI.
In order to verify the existence of g-CN, the samples have been characterized by FT-IR spectroscopy. The FT-IR spectra of g-CN/BiOI composites, pure BiOI and g-CN are shown in Fig. 2 . The g-CN/BiOI composites exhibit characteristic absorption peaks of g-CN and BiOI. The peaks at 1328 and 1412 cm À1 are observed at pure g-CN sample and g-CN/BiOI composites, corresponding to the stretching vibration of C-N and C]N bonds. 29 The characteristic peak at 807 cm À1 is attributed to striazine ring modes. 27 The characteristic broad absorption peak at 514 cm À1 corresponds to Bi-O bond of BiOI and g-CN/BiOI composites. 30 In addition, no characteristic absorption peaks of [Bmim]I are found, indicating that [Bmim]I can be removed from the surface of the g-CN/BiOI composites.
To further illustrate the surface element composition and chemical valence state of the g-CN/BiOI composites, XPS spectra analysis is performed. As shown in the survey XPS spectrum of the g-CN/BiOI composites (Fig. 3a) , the surface of the sample is composed of ve main elements (Bi, O, I, C and N). Fig. 3b is a high resolution energy spectrum of Bi 4f. Two strong diffraction peaks at 159.1 and 164.4 eV belong to Bi 4f 7/2 and Bi 4f 5/2 , respectively. The peak at 529.4 eV is tted well with O 1s (Fig. 3c) , coming from Bi-O bond in the BiOI. As shown in the Fig. 3d , the peaks located at binding energies of 618.5 and 629.8 eV are assigned to I 3d 3/2 and I 3d 5/2 , respectively. The two C 1s peaks located at 284.7 and 287.2 eV are ascribed to carbon (C-C/C]C) and defect-containing sp 2 -bonded carbon (C] N) 28, 29 (Fig. 3e) , respectively. It can be seen from Fig. 3f that the N 1s peak is centered at 399.3 eV, resulting from sp 2 -hybridized nitrogen (C]N-C). 29 The result of XPS further conrms the composition of the g-CN/BiOI composites, which is consistent with the results of FT-IR analysis. The element distribution maps of g-CN/BiOI composite have been shown in Fig. S1 . † It can be seen that the main elements of composite are Bi, O, I, C and N. It is also obtained from maps that C and N elements are homogeneously distributed on the surface of composites, indicating the existence and good dispersion of g-CN. Various analyses demonstrate that the g-CN/BiOCl composites have been prepared successfully by microwave method.
In order to study the morphology of the samples, SEM and TEM images have been carried out. From SEM image of g-CN (Fig. 4a) , g-CN is made up of nanorod structure with smooth surface. Interestingly, the pure BiOI is hexagonal nanoplate (Fig. 4b) , which is different from the sphere-like structure of BiOI synthesized by hydrothermal method. 27 As shown in Fig. 4c , the g-CN/BiOI composites have hexagonal nanoplates, which is similar to pure BiOI. In high-magnication SEM image (Fig. 4d) , lots of g-CN nanorods are dispersed on the surface of BiOI nanoplates, revealing that g-CN nanorods have successfully coupled with BiOI nanoplate. In addition, the structures of the g-CN/BiOI composites are further investigated by TEM (Fig. 4e) . It can be seen that g-CN nanorods are attached on the surface of BiOI nanoplates. As shown in Fig. 4f , the highresolution TEM image of the g-CN/BiOI composites clearly reveals the interface between BiOI and g-CN. The lattice fringe spacing of 0.282 nm corresponds to the (110) plane for the BiOI crystallites. The result of high-resolution TEM strongly demonstrates that the heterojunction structures can be successfully formed between g-CN nanorods and BiOI nanoplates, which benets for enhancing PEC properties of the g-CN/BiOI composites. Fig. 5 shows the UV-vis diffuse reectance spectroscopy of g-CN/BiOI composites and BiOI. It can be seen that the pure BiOI has a strong absorbance in the visible light region, with absorption edge about 600 nm. With the introduction of g-CN, the light absorption of g-CN/BiOI composites increases and appears red-shi phenomenon in the visible light region. The enhanced light absorption means that more light can be utilized to activate g-CN/BiOI to form more photogenerated electron-hole pairs, leading to excellent photoelectrochemical performance. In order to further analyze the separation efficiency between the photogenerated electrons and hole of the composites, the photoluminescence spectrum analysis has been carried out. Aer excited by the light, semiconductor materials produce photogenerated electrons and holes. When the electron and hole recombine together, the intensity of photoluminescence will increase. In other words, the high separation efficiency of photogenerated carrier leads to low uorescence emission intensity. Fig. 6 is the photoluminescence spectra of g-CN/BiOI composites and the pure BiOI with an excitation wavelength of 360 nm. It can be seen that the pure BiOI has strong emission peak. The photoluminescence spectrum of g-CN/BiOI composites is similar to the pure BiOI, but the emission intensity is far weaker than the pure BiOI. This clearly shows that the composition of g-CN and BiOI greatly inhibited the recombination of the photogenerated electron and hole, leading to a high separation rate of photogenerated carrier of g-CN/BiOI composites. This is benecial for improving the photoelectrochemical properties of g-CN/BiOI composites. In order to investigate the PEC performance of g-CN/BiOI composites and pure BiOI, photocurrent measurements have been carried out, and the results are shown in Fig. 7 . In dark conditions, all the samples have almost no photocurrent response. Upon the light source is turned on, the intensity of photoelectric response is rapidly enhanced. The photocurrent intensity of the pure BiOI modied ITO electrode is 0.13 mA at applied potential of 0 V (Fig. 7 curve II) . The g-CN/BiOI modied ITO electrode exhibits a $2-fold increase in the photocurrent compared to the pure BiOI modied ITO electrode (Fig. 7 curve  I) , indicating the enhancement of the photocurrent of BiOI by the combination of g-CN because of the heterojunction structures between g-CN and BiOI. Simultaneously, an optimized special content of g-CN is crucial to obtain outstanding photocurrent response. As shown in the Fig. S2 , † 7 wt% of g-CN is optimum to achieve the maximum photocurrent response. BPA (720 ng mL À1 ) is further injected to the solution in order to improve the photocurrent response (Fig. S3 †) . Interestingly, the increment of photocurrent intensity at the g-CN/BiOI modied ITO electrode is $3-fold more than that of photocurrent intensity at the BiOI modied ITO electrode. Compared with the BiOI modied ITO electrode, the g-CN/BiOI modied ITO electrode is more suitable for constructing PEC monitoring platform of BPA owing to the high photocurrent responses. The proposed mechanism for the PEC behaviors of the g-CN/BiOI modied ITO has been summarized in Scheme 1. Upon the light falls on the surface of the g-CN/BiOI composites, both BiOI and g-CN can be excited and generate electron-hole pairs. The photogenerated electrons can be transferred from conduction band (CB) of g-CN to CB of BiOI because the CB edge potential of g-CN is more negative than that of BiOI. 27 Meanwhile, the holes can be transferred from valence band (VB) of BiOI to VB of g-CN owing to the more positive VB edge potential of BiOI compared to g-CN. The charge transfer can hinder recombination of the photogenerated electron-hole pair, which prot to enhance PEC properties of the g-CN/BiOI composites. Upon BPA addition, the holes can be sacriced by BPA, which can further enhance charge separation efficiency and lead to improvement of photocurrent. The increment of photocurrent can be applied as the detection signal for BPA.
The effect of pH in a range between 2 and 12 was studied to select the optimum conditions for PEC performance of the g-CN/BiOI modied ITO. As shown in Fig. S4 , † the g-CN/BiOI modied ITO exhibits the optimal PEC performance on pH 7.0. The phosphate buffer solution (0.1 M, pH 7.0) is recommended in this work.
The PEC sensing platform of BPA can be fabricated with the g-CN/BiOI modied ITO. As shown in Fig. 8a , it can be seen that the photocurrent increment is proportional to the concentrations of BPA (80, 160, 240, 320, 400, 560, 720, 880, 1100, 1200, 1600, 2000, 2400, 2800 and 3200 ng mL
À1
). By further study of the relationship between the intensity of the photocurrent and the concentration of BPA (Fig. 8b) , the excellent linear relationship are acquired between the change of photocurrent density (Di ¼ i À i 0 ) and the concentration of BPA, where i 0 and i are the photocurrent before and aer injection of BPA. The calibration curve can be constructed by plotting two linearization equations which are (1) (Table S1 †).
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Fig . 7 Photocurrent response of the g-CN/BiOI composites (I) and pure BiOI (II).
Scheme 1 Schematic illustration of the mechanism for the PEC sensor based on the g-CN/BiOI modified ITO for BPA detection. To investigate the selectivity of BPA PEC sensor, the interference study has been measured by inspecting the photocurrent responses of the sensor to the typical interfering substances including Mg 2+ The concentration of the interfering substances is 100-fold to BPA. As shown in Fig. S5 , † the photocurrent responses of the interfering substances are not much difference compared with BPA. The result indicates that the BPA PEC sensor has excellent anti-interference ability for BPA monitor. The proposed PEC sensor was applied to detection of BPA in real water samples from Yangtze River (Table S2 † ). The recoveries range from 96.2% to 106.1% for the BPA in real water samples, indicating acceptable accuracy for the requirement of real samples testing.
Storage stability of the proposed PEC sensor was also investigated by storing the same patch of g-CN/BiOI modied ITO under darkness for different periods before the PEC detection of 1200 ng mL À1 BPA. It is obviously observed that 93.2% of the initial signal for the PEC sensor was retained aer storage for two weeks, indicating that good stability and potential for practical application (Fig. S6 †) can be approved from the prepared PEC sensors.
Conclusion
In summary, we investigated a PEC monitoring platform for sensitive BPA determination utilizing g-CN/BiOI composites as signal-transduction materials. The g-CN/BiOI composites were synthesized by a facile microwave method with [Bmim]I as precursor. SEM and TEM analysis indicated g-CN nanorods dispersed the surface of BiOI nanoplates and formed heterojunctions. The internal electric eld formed at the interface of heterojunction contributed to separation of photogenerated electron-hole pairs effectively, resulting to the enhancement of the PEC response of the g-CN/BiOI composites. The photocurrent response of the g-CN/BiOI composites is $2-fold to those of BiOI. In addition, the photocurrent of g-CN/BiOI composites can be further enhanced via introducing BPA in the aqueous solution. The photocurrent increment was applied as the PEC detection signal to sensitive tracing BPA, and was proportional to the BPA concentrations over the range of 80 to 3200 ng mL À1 .
The detection limit of the BPA PEC sensor was as low as 26 ng mL À1 . Moreover, the BPA PEC sensor exhibited a pleasurable anti-interference capacity. All results demonstrated that the BPA PEC sensor exhibited satisfactory sensing performance with wide detection linear range, acceptable detection limit, and excellent selectivity.
